Abstract: MoO 3 particles were co-deposited with Ni onto smooth or rough Ni supports from modified Watt baths of different compositions. Morphology and composition of the electrodeposits were characterized by means of cyclic voltammetry, X-ray diffraction analysis, scanning electron microscopy, transmission electron microscopy and energy dispersive X-ray spectroscopy. The electrocatalytic activity of the composite catalysts for H 2 evolution in alkaline solutions was determined by quasi-stationary polarization curves. Activity increases with MoO x content in the Ni deposit up to a limiting value. The composite Ni-MoO x catalysts exhibited high catalytic activity, similar to that of a commercial Ni-RuO 2 catalyst. Stability tests showed that the Ni-MoO x codeposits were stable under constant current conditions and exhibited excellent tolerance to repeated short-circuiting.
INTRODUCTION
The hydrogen evolution reaction (HER) is one of the most studied electrochemical reactions because it occurs through a limited number of reaction steps with only one reaction intermediate involved. It is a unique electrochemical reaction for which the complete theory of electrocatalysis was developed. 1, 2 Hydrogen evolution is the most frequent cathodic reaction in industrial electrolytic processes and has been recognized as a valuable fuel that may well replace oil as an energy source. It also plays a major role in synthetic organic chemistry in the well-known catalytic hydrogenation process. 3 
EXPERIMENTAL

Electrode preparation
The Ni/(Ni-MoO x ) active cathodes were prepared by the simultaneous electrodeposition of Ni and suspended MoO 3 particles onto a Ni substrate from a Watt bath of the following composition: NiSO 4 ⋅6H 2 O -330 g dm -3 ; NiCl 2 ⋅6H 2 O -45 g dm -3 ; H 3 BO 3 -38 g dm -3 ; pH: 3.2-4.0. The deposition was performed at 40 °C. Nickel platelets (10 mm×10 mm×0.2 mm) with a very thin stem were used as substrates.
The MoO 3 powder was prepared by thermal decomposition of (NH 4 ) 6 Mo 7 O 24 ⋅4H 2 O at 500 °C for 2 h under an air atmosphere 20 and was dispersed by means of a magnetic stirrer. The amount of MoO 3 particles in the bath was varied between 0 and 20 g dm -3 .
The pre-treatment of the Ni support consisted of either etching (HCl) or mechanical polishing (emery paper). Electrodeposition was performed galvanostatically in a stirred solution (magnetic stirrer at 400 rpm) at 40 °C by varying the current density, typically from 5 to 50 mA cm -2 , for a constant electricity (72 C cm -2 ). All deposition experiments were performed using a self-made rectifier.
Electrode characterization
Scanning electron microscopy (SEM, on JOEL 840) was used to characterize the morphology of the as-deposited surface. Transmission electron microscopy (TEM) measurements were performed using the FEI (Fillips Electronic Instruments) -CM200 super-twin and CM300 ultra-twin microscopes operating at 200 and 300 kV, equipped with Gatan 1k×1k and 2k×2k CCD cameras, respectively. Specimens for TEM analysis were prepared by making a suspension of the catalyst powder in ethanol, using an ultrasonic bath. The catalyst powder was prepared by grounding the Ni-MoO x coating electrodeposited onto a glassy carbon support. XRD Analysis of Ni-MoO 3 composite coatings was carried out by Siemens D-500 diffractometer. CuK radiation was used in conjunction with a CuK (nickel filter). Obtained X-ray diffraction pattern was used to evaluate the phase structure and crystallite size of the coatings.
Cell and chemicals
A conventional three-compartment cell was used. The working electrode (WE) compartment was separated by fritted glass discs from the other two compartments. The WE compartment was jacketed and thermostated during measurements at 25.0 °C or at 85 °C, using a thermostat. All measurements were performed in 1.0 mol dm -3 or 33 wt. % NaOH solution (Spectrograde, Merck), prepared in deionized water. The WE compartment was saturated with purified hydrogen at standard pressure during measurements. A saturated calomel electrode (SCE) or a reversible hydrogen electrode (RHE) in the same solution were used as the reference electrodes while a flat Pt sheet served as the counter electrode.
Electrochemical measurements
Tafel lines were recorded using potentiostatic steady-state voltammetry, point by point at 60 s intervals, using a PAR 273 potentiostat, with good reproducibility of measurement. Whenever the potential of the WE approached approximately -1.3 V (SCE) (or when current densities were close to, above approximately 0.1 A cm -2 ) it was found that the uncompensated solution resistance (IR drop) was significant. Therefore, the IR drop was systematically determined in all measurements, using ac impedance methods. All data presented in this report are corrected for the IR drop.
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RESULTS AND DISCUSSION
Efficiency of electrodeposition
The variation of the current efficiency for Ni electrodeposition as a function of the concentration of MoO 3 particles in the solution at a constant current density of 10 mA cm -2 is shown in Fig. 1 . The current efficiency was estimated from deposition charge and weight increase measurements, assuming that the latter was due to Ni only, without correction for the contribution to the overall weight increase of the dispersed phase. As can be seen from Fig. 1 , the current efficiency did not depend significantly on the concentration of suspended MoO 3 particles in the range from 1 to 20 g dm -3 . The current efficiency for Ni electrodeposition was generally very low, indicating a high catalytic activity of the Ni-MoO x co-deposits for the HER, which occurred as a parallel reaction during electrodeposition. However, it is important to emphasize that partial reduction of MoO 3 can also takes place during electrodeposition, according to the following overall reactions: 3 3 MO H H MoO
Reaction (1) or (2) could additionally reduce the current efficiency for Ni electrodeposition. This speculation is based on previous experiments that showed the reduction of MoO 3 powder in a hydrogen atmosphere at temperature of 623 K proceeded via the formation of hydrogen molybdenum bronze, H x MoO 3 . Therefore, during Ni+MoO 3 co-deposition, the formation of similar reduced phases of MoO 3 could occur in which hydrogen species adsorbed onto the Ni surface participate in this reaction.
The dependence of the current efficiency on the applied current density of deposition at a constant concentration of suspended MoO 3 particles in the bath (1 g dm -3 ) is shown in Fig. 2 . The current efficiency decreases with increasing applied current density, probably due to the increase in the relative deposition rate of Ni to MoO 3 particles, which leads to an increase of the catalytic activity of composite (Ni-MoO x ) coatings for the HER. 
Morphology and chemical composition of composite the Ni-MoO x electrodeposits
Typical top views of the Ni-MoO x composites electrodeposited at different current densities from a Watt bath containing 1 g dm -3 of suspended particles MoO 3 . As can be seen, the morphology of the Ni-MoO x coating deposited at a lower current density is characterized by the presence of micro-cracks, with some 2 μm in width (Fig. 3a) , and a high concentration of MoO 3 particles. However, the electrodeposit formed at a higher current density is microcrystalline and compact (Fig. 3c) . The X-ray diffraction (XRD) pattern for a Ni-MoO x electrodeposit is shown in Fig. 4 . It was found that the XRD peaks of MoO 3 had disappeared after co-deposition with Ni and that the Ni-MoO x composite coating was completely amorphous in nature. The reason for the disappearance of the corresponding XRD peaks is not clear at this stage; the change to an amorphous MoO x phase during the co-deposition is probably the result of a reduction process in which H ads species participate. Thus, due to amorphous nature of the coating, it was necessary to characterize the composite coating by energy dispersive X-ray spectroscopy (EDS) to determine the chemical composition of the Ni-MoO x coatings. The amount of MoO x could hardly be determined by surface spectroscopies, because of the localization of the MoO x particles, but TEM analysis showed that
MoO x particles (white spots) were relatively uniformly distributed in Ni matrices (Fig. 5) . The chemical composition of the coating (sample obtained by electrodeposition at 30 mA cm -2 ) at different positions (EDS spectra) is presented in Fig. 5 . The average content of Mo oxides in the composite coating generally decreased with increasing deposition current density.
Cyclic voltammetry in 1.0 mol dm -3 NaOH
The electrode surfaces of the Ni-MoO x catalysts were characterized by means of their voltammetric curves (VC). A series of VCs recorded at different scan rates is shown in Fig. 6 . The corresponding curves of Ni in the same solution are shown in Fig. 7 , for comparison. Reproducible and characteristic voltammograms were obtained. Both electrodes are characterized by a highly reversible peak prior to the oxygen evolution reaction. The reactions occurring at potentials in the range of both the anodic current and the cathodic current peaks are apparently complementary processes, which are represented by the overall reaction: The anodic and cathodic processes referred to in Eq. (3) are highly reversible, in which the solid-state diffusion of hydroxide ions is the rate determining step. It is interesting to emphasize that the introduction of MoO 3 particles into the Ni deposit increased the peak of NiO oxidation and shifted it towards a more HYDROGEN EVOLUTION REACTION ON Ni-MoO x COMPOSITE 219 positive value (≈ 50 mV). Consistently, O 2 evolution commenced at a ca. 50 mV more negative potential on the Ni electrode than on the composite. The increase of both the anodic and cathodic peaks could be explained by the surface of Ni--MoO x being rougher than that of the etched Ni surface, because the participation of Mo oxides redox reactions could not be expected, according to the thermodynamic data. Anodic peak current density of the Ni-MoO x composite catalyst was around two times higher, which means that the real surface area of this electrode is approximately two times higher than the real surface area of the etched Ni electrode.
Polarization measurements in 1.0 mol dm -3 NaOH
The polarization curves for the HER obtained on different Ni/(Ni-MoO x ) electrodes prepared by co-deposition onto a mechanically polished Ni substrate, from 1.0 mol dm -3 NaOH solution are shown in Fig. 8 . The polarization curves were recorded after holding the electrodes at a constant cathodic current density of 100 mA cm −2 for about 1 h. The polarization curves are characterized by two Tafel slopes at all electrodes, b 1 ≈ -40 mV in the lower overpotential region and b 2 ≈ -120 mV in the high overpotential region. The composite Ni-MoO x coating obtained by electroplating at j Ni = 50 mA cm -2 was found to have the lowest hydrogen overpotential (Fig. 9) and the highest exchange current density, j 0 ≈ ≈ 7.9×10 −4 A cm −2 (Fig. 8) . The corresponding kinetic parameters for the HER for these electrodes are presented in Table I . /(Ni-MoO x ), only one Tafel slope of about -120 mV dec -1 is present over the complete potential range for the HER on Ni. At the same potential, the activity of Ni/(Ni-MoO x ) was about four orders of magnitude higher than that of the Ni electrode. It is clear from the morphological investigations that the incorporation of MoO 3 particles into a Ni deposit produces roughness, but undoubtedly, syner- getic effects are achieved, because the Tafel slope decreases to -40 mV in the lower overpotential region and extends to relatively high current densities. It was shown 21 that the reaction mechanism of the HER on Ni is a consecutive combination of a Volmer and a Heyrovsky step, and that the Heyrovsky step prevails over the Tafel step in the low overpotential region and that the reaction rate is controlled by the Heyrovsky reaction with an almost full coverage by H ads. However, the presence of Tafel slope of -40 mV for the HER on the Ni/(Ni-MoO x ) electrode indicates that the Heyrovsky step controls the rate of the overall reaction in the lower potential range, but with a low coverage by H ads intermediates. In accordance with the mechanism of the HER, both the Volmer and the Heyrovsky steps occurred at a single adsorption site and the reaction occurred at the Ni electrode with an almost full coverage by H ads , but with a low coverage by H ads in the case of the Ni/(Ni-MoO x ) electrode. The fact that the reaction rate was almost four orders of magnitude higher on the latter electrode, indicates an increased catalytic activity of the adsorption sites for the HER on the Ni/(Ni--MoO x ) electrode.
Electrochemical characteristics of the composite Ni-MoOx catalyst in 33 wt.% NaOH solution
The polarization characteristics of the most active Ni/(Ni-MoO x ) cathode were tested in a 33 wt. % NaOH solution at 85 °C, which are typical conditions for industrial chlor-alkali electrolysis.
The polarization curve for the HER at the Ni/(Ni-MoO x ) electrode is shown in Fig. 11 . The polarization curve for the HER at a commercial DN3 electrode (Ni-RuO 2 , DeNora cathode) is also presented in the same figure, for comparison. It is interesting to note that both electrodes possessed practically the same activity for HER at j = -0.3 A cm -2 . In industrial chlor-alkali electrolysis, one of the technical methods for replacing some the electrodes by new ones is the short-circuiting of a cathode and an anode in the electrolysis bath. Then a reverse current flows through a bypass circuit and the cathode is oxidized, resulting in the loss of electrocatalytic activity for the HER. In the case of the Raney-Ni active cathode, the potential was sharply shifted in the positive potential direction immediately after the short-circuiting and reached 0.30 V vs. SCE within about 3 min. It was reported by Yoshida and Morimoto 22 that the reverse current on short-circuiting caused a shift of the potential toward oxidation of the Raney-Ni electrode to lower its electrocatalytic activity, due to formation of NiOOH surface oxide. In order to simulate short-circuiting condition, Ni/Ni-MoO x cathode was repeatedly polarized at 0.30 V (SCE) for 1000 s, and polarization curves for the HER were recorded after short-circuiting (Fig. 12) . At an applied current density of 300 mA cm -2 , a decrease of the overvoltage by about 20 mV was observed after the short-circuiting, suggesting that the Ni/(Ni-MoO x ) active cathode kept an excellent activity irrespective of the presence and the absence of a reverse current due to short-circuiting. Fig. 11 . Tafel polarization curves for the HER on a commercial DN3 electrode (1) and Ni/(Ni-MoO x ) electrode (2) in 33 wt. % NaOH solution at 85 °C. The composite electrode was prepared by electrodeposition from a Watt bath containing 1 g dm -3 of MoO 3 particles at j Ni = 50 mA cm -2 . Fig. 12 . Tafel polarization curves for the HER on a Ni/(Ni--MoO x ) electrode in 33 wt. % NaOH solution at 85 °C, recorded after short-circuiting. The composite electrode was prepared by electrodeposition from a Watt bath containing 1.0 g dm -3 of MoO 3 particles at j Ni = 50 mA cm -2 .
